We report ab initio calculations on the structure, electronic properties, and Raman spectra of six crystalline phases of three-dimensional ͑3D͒ polymeric C 60 , all belonging to the Immm space group inferred experimentally from single crystal x-ray diffraction data ͓S. Yamanaka et al., Phys. Rev. Lett. 96, 76602 ͑2006͔͒. All the structures display interplanar bonding connecting a C 60 cage with its eight nearest neighbors and differ in the type of in-plane intercage bonds. Raman spectra reveal high frequency peaks ͑1700-1800 cm −1 ͒ due to stretching modes of ethyleniclike bonds which might correspond to Raman peaks at similar frequencies, detected experimentally on pressurized C 60 polymers ͓K. P. Meletov et al., Chem. Phys. Lett. 341, 453 ͑2001͔͒.
I. INTRODUCTION
C 60 molecules can form polymeric solids under special conditions, such as exposure to high intensity light or electron irradiation, ion plasma excitation, pressure, or doping. 1 Under high pressure and high temperature conditions ͑P =1-8 GPa and T = 350-450°C͒, fullerite molecular crystal transforms into one-or two-dimensional polymeric structure via ͓2+2͔ cycloaddition reactions between adjacent C 60 molecules in the ͑001͒ ͓orthorhombic two-dimensional ͑2D͒ phase͔ or ͑111͒ ͑rhombohedral 2D phase͒ planes. Few years ago, Marques et al. 2 provided experimental evidence of a three-dimensional ͑3D͒ polymeric phase of C 60 obtained by compressing a C 60 powder up to 13 GPa under nonhydrostatic condition at 550°C. In the new phase, quenchable at normal conditions, C 60 cages were suggested to be covalently bonded to the other neighboring cages forming a 3D network, but the small size of the crystallites of the polycrystalline product prevented a compelling refinement of the crystal structure. Later on, different possible 3D polymeric phases have been proposed from the analysis of powder x-ray diffraction data all belonging to the body-center orthorhombic ͑bco͒ Immm space group 3 but with different intermolecular bondings. These structures can be seen as generated from the 2D orthorhombic polymer by introducing ͑3+3͒ bonding between C 60 in adjacent planes, following the notation introduced in Ref. 3 . Besides ͓2+2͔ cycloadditions, common four-sided rings have also been proposed for the in-plane polymerization of the 3D phase. 2 All these bco Immm structures ͑with ͓2+2͔ or four-sided rings in-plane bindings͒ have been shown to be metallic by ab initio calculations. 4, 5 Other 3D polymers of P42mmc symmetry have also been proposed and studied from first principles. 6 More recently, Yamanaka et al. 7 succeeded in isolating a single crystal ͑0.3ϫ 0.2ϫ 0.2 mm 3 ͒ of a 3D polymeric phase synthesized by compressing the 2D orthorhombic polymer at 15 GPa and 600°C. Structural refinement from single crystal x-ray diffraction still assigned a bco Immm space group. The internal structure consists of C 60 molecules linked via ͑3+3͒ bonds only between adjacent planes with no in-plane bonding. Measurements of the electrical conductivity as a function of temperature shows the behavior ln ϰ T −1/4 , typical of variable range hopping among localized states. Similar electrical behavior has been reported on polycrystalline 3D polymers by Buga et al. 8 Ab initio calculation revealed a metallic character of this phase as well, for both the experimental geometry and the theoretically optimized structure. 7, 9 A variable range hopping conductivity might be consistent with an intrinsic metallicity of the perfect crystal which could turn into an Anderson insulator due to disorder. However, we might also conceive that the perfect crystal is a band insulator and that defect states in the gap are responsible for variable range hopping conductivity. 10 In this work, we explore by ab initio calculations several modifications of the 3D polymeric phase proposed in Ref. 7 , which, given the large uncertainty in the crystal structure refining, might still be consistent with experimental diffraction pattern or perhaps synthesized under different experimental conditions. Phonons and Raman spectra have been calculated within density functional perturbation theory 11 and compared with experimental Raman spectra of 3D polymeric forms. 3, 12 
II. COMPUTATIONAL DETAILS
Calculations have been performed in the framework of density functional theory ͑DFT͒, within a generalized gradient approximation ͑GGA͒ to the exchange and correlation energy functional, 13 as implemented in the codes PWSCF and PHONONS.
14 Ultrasoft pseudopotential 15 and plane wave expansion of the Kohn-Sham orbitals up to a kinetic cutoff of 30 Ry have been used. All the structures considered belong to the bco Immm space group with a single C 60 per unit cell. Brillouin zone integration is performed over ͑3 ϫ 3 ϫ 3͒ Monkhorst-Pack meshes. 16 Geometry optimization has been repeated at several volumes and the resulting energies fitted by a Murnaghan 17 equation of state. The b / a and c / a ratios have been optimized at fixed volume such as to reproduce a diagonal stress tensor ͑with residual anisotropy in the diagonal components lower than 2 kbar͒. Phonons at the ⌫ point have been computed within density functional perturbation theory. 11 Raman spectra have been calculated from ab initio phonons and empirical polarizability coefficients within the bond polarizability model 18 ͑BPM͒. The differential cross section for Raman scattering ͑Stokes͒ in nonresonant conditions is given by the following expression ͑for a unit volume of scattering sample͒:
where n B ͑͒ is the Bose factor, S is the frequency of the scattered light, and e S and e L are the polarization vectors of the scattered and incident light, respectively. 18 The Raman tensor R = j associated with the jth phonon is given by
where V o is the unit cell volume, r͑͒ is the position of the th atom with mass M , and e͑j , ͒ and j are eigenvectors and eigenvalues of the dynamical matrix. The derivatives of the electronic susceptibility = ϱ with respect to atomic positions are computed within the BPM by assigning different coefficients for C v C short bonds ͑with length Ͻ1.36 Å͒ and for other C u C bonds ͑with length 1.43-1.85 Å͒ as given in Ref. 18 .
III. RESULTS
We started our investigation by computing the equation of state of the structure proposed experimentally by Yamanaka et al. 7 that we will hereafter refer to as structure A ͑Fig. 1͒. An enlargement of the ͑3+3͒ binding configuration is shown in Fig. 2 . Starting from structure A and by topological considerations, we have considered three structures, all of Immm symmetry with ͑3+3͒ bonds between adjacent planes. The first is produced by ͓2+2͔ cycloaddition along direction b and ͑4+4͒ bonds ͑Fig. 2͒ along direction a ͑structure B, Fig.  3͒ . The ͑4+4͒ binding is, in fact, an ͓8+8͔ cycloaddition reaction in the organic nomenclature which we refer to as ͑4+4͒ to highlight the number of atoms involved in the linkage. The second structure is formed by ͑4+4͒ bonds in both a and b directions ͑structure C, see Fig. 4͒ . Finally, we have considered a structure in which in-plane binding takes place only along direction a via ͑4+4͒ linking ͑structure D, see Fig. 5͒ . A similar structure ͑DЈ͒ has been obtained in Refs. 7 and 9 by ab initio optimization of structure A at the experimental lattice parameters. This latter phase differs from ours because of the presence of the ͑4+4͒ bonds along b instead of along a, with a consequent rotation by 90°of the ͑4+4͒ linkage. The equations of state ͑EOS͒ of all these structures are reported in Fig. 6 . Equilibrium lattice parameters and bulk moduli are reported in Table I . The larger the number of intercage in-plane bonds, the larger is the bulk modulus. All the EOSs have been calculated by enforcing a nonmagnetic solution of the electronic problem ͑no spin polarization͒. Best agreement with experimental data on the lattice parameters ͑Ref. 7͒ is obtained for structure C, while structure B is the lowest in energy. Equilibrium structural parameters for structure DЈ are very close to those of previous calculations. 9 Overall, the equilibrium volumes are overestimated with respect to experiments. We have checked whether the addition of van der Waals interaction, absent at DFT-GGA level of theory, might bring the theoretical lattice parameters closer to experiments. To this aim, we have added the two-body Lennard-Jones ͑LJ͒ potential of Ref. 19 fitted on the properties of fullerite and set to a constant below its minimum, since the repulsive part of the LJ interaction is already accounted for by the DFT energy. It turns out that van der Waals interactions reduce the equilibrium volume by less than 1% for all structures. The positions of the nine atoms independent by symmetry are reported in Table II . In all the structures, the nearly spherical fullerene molecule is deformed in a cuboid. A short ethyleniclike bond ͑1.31-1.33 Å͒ is present at the center of the ͑4+4͒ linkage in the number of two in structures B, D, and DЈ, four in structure C, and zero in structure A ͑cf. Figs. 1-5͒. Short bonds in the range 1.36-1.41 Å are also present between three-coordinated carbon atoms on the faces of the cuboid perpendicular to the c axis ͑cf. Figs. 1 and 3-5͒. The ͑4+4͒ linkage of structure DЈ breaks by increasing the volume above 8.60 Å 3 / atom, the system spontaneously transforming in structure A during optimization at larger volumes. Conversely, structure D is locally stable at larger volumes although, as already mentioned, it is similar to structure DЈ but for an interchange of the direction along which the ͑4+4͒ linkage is formed. Moreover, structure D has an energy sizable lower ͑by 44 meV/atom͒ than that of phase DЈ ͑cf. Fig. 6͒ and only slightly larger ͑by 6 meV/atom͒ than that of lowest energy structure B.
The electronic density of states ͑DOS͒ ͑Fig. 7͒ shows that all these phases are metallic as found for structures A and DЈ in Refs. 7 and 9. By visualizing the Kohn-Sham orbitals, we recognize that the high density of states at the Fermi level is mainly due to states localized on the atoms close to the ͑3+3͒ links which, due to the geometry constraints, experience a frustration in the conjugation. We have then investigated whether the system might be more stable in configurations with unpaired electrons. To this aim, we have removed the constraint of a nonmagnetic solution and allowed the occurrence of spin polarization within a spin unrestricted ͓local spin density ͑LSD͒ GGA͔ calculation. 20 While structure DЈ does not develop a magnetic structure, all the other phases display an antiferromagnetic ground state 4.0, 5.0, 3.0, and 0.5 meV/atom lower in energy with respect to the nonmagnetic solution for structures A, B, C, and D, respectively. The absolute magnetization is 4.00, 4.26, 3.78, and 2.00 B /cell for A, B, C, and D, respectively. These numbers refer to the GGA-LSD optimized internal structure at the equilibrium lattice parameters of the nonmagnetic solutions. For structures B and C, we have actually computed the equation of state for the magnetic phase as well, which shows a change in the equilibrium volume of less than 1% with respect to the nonmagnetic phase. For structures B and C, the energy gain and absolute magnetization do not change within the figures given above when calculated at volumes differing by less than 1%. We can safely assume that the same is true for structures A and D. Magnetic ordering induces very small changes ͑below 0.005 Å͒ in the interatomic bond distances as well. For structures B and C, the antiferromagnetic solution corresponds to an insulating system with the opening of a band gap ͑Fig. 8͒. Conversely, structures A and D keep their metallicity in the magnetic phase. For all structures A-D, the spin polarization is localized on 12 atoms of the cage, six on the upper face, and six on the lower face ͑Fig. 9͒ which are threefold coordinated. Because of ͑3+3͒ bonds ͑Fig. 2͒ which turn the hybridization of the neighboring atoms from sp 2 to sp 3 , there is a frustration in the conjugation. As mentioned above, the spin polarized solution allows for the occurrence of singly occupied orbitals which could not couple effectively with neighboring orbitals due to geometric frustration. The energy gain due to magnetic ordering is, however, very small and the Néel temperature is expected to be below room temperature. It remains to be seen whether the antiferromagnetic insulating phase might turn at normal conditions into a paramagnetic phase with different transport properties with respect to the metallic nonmagnetic solution.
Turning now to the vibrational properties, we report in Fig. 10 the theoretical Raman spectra of five structures A-DЈ in the nonmagnetic phase at the theoretical equilibrium volume. The linewidth is 2 cm −1 for all the modes. The spectral range is restricted to frequencies above 1200 cm −1 , which are mostly due to vibrations of the shorter bonds between three-coordinated atoms mentioned previously, either at the center of the ͑4+4͒ linkage or on the two faces of the cuboid perpendicular to the c axis. The complete Raman spectra of the different structures are reported as additional material. 21 The different structures have similar phononic modes although at different frequencies. Peaks corresponding to similar displacement patterns involving the same atoms are indicated by the same label for the different structures in Fig. 10 . Displacement patterns for phonons of five structures A -DЈ are given in Molden format as additional material. 21 The spectra refer to backscattering geometry and unpolarized light for polycrystalline samples. Phonons are computed from density functional perturbation theory. Polarizability coefficients entering in the Raman tensor are given by the bond polarizability model ͑cf. Sec. II͒. Raman spectra for polycrystalline samples are then obtained from the Raman tensors of the crystals as discussed by Hayes and Loudon. 22 We remark that the ratio of the Raman peaks intensities provided by the BPM are reliable only in nonresonant conditions. Due to the metallicity of the 3D polymers, non-resonant conditions can not be realized experimentally and large discrepancies with theoretical predictions on relative intensities have to be expected. 23 A brief description of the main labeled Raman peaks in Fig. 10 is given below. Peak ͑a͒ is an A g stretching mode of the short bond ͑ϳ1.3 Å͒ formed by the two atoms at the center of the ͑4+4͒ linkage along direction a in structure C. Peak ͑aЈ͒ is the analogous A g stretching mode of the short bond at the center of the ͑4+4͒ linkage along direction b. Peaks ͑a͒ and ͑aЈ͒ in the other structures correspond to stretching modes involving the very same couple of atoms; they fall at different frequencies since the two atoms are involved in different types of in-plane bonding in the different structures. Peaks ͑b͒ and ͑c͒ are, respectively, an A g stretching mode and a B 1g bending mode of the short bond between three-coordinated atoms present on the two faces of the cuboid perpendicular to the c axis. Peak ͑d͒ is an A g stretching mode of the bonds between three-coordinated atoms lying parallel to the c axis and close to the ͑4+4͒ linkage. Peak ͑e͒ is also an A g stretching mode of the bonds between three-coordinated atoms close to the ͑4+4͒ linkage but oriented mostly perpendicularly to the c axis along direction a, ͑eЈ͒ is the analogous A g TABLE I. Theoretical equilibrium lattice parameters ͑Å͒, equilibrium volumes ͑Å 3 /atom͒, and bulk moduli ͑GPa͒ of the investigated structures. C exp refers to structure C whose lattice parameters have been optimized at the experimental density of the quenched structure ͑Ref. 7͒. The experimental lattice parameters are given in parentheses. stretching mode of the bonds between three-coordinated atoms close to the ͑4+4͒ along direction b. Peaks ͑f͒ and ͑fЈ͒ are stretching modes of the bonds between a threecoordinated and a four-coordinated atoms on the faces of the cuboid perpendicular to the c axis. For the sake of comparison, we report in Fig. 10 the Raman spectrum of structure C at the experimental lattice parameters ͑cf. Table I͒ . Its equilibrium volume is the closest to the experimental one with lattice parameters only ϳ2% larger than in experiments. Nevertheless, the Raman peaks are blushifted by ϳ50 cm −1 with respect to the spectrum at the theoretical equilibrium volume. Experimental Raman spectra have not been recorded for the 3D polymer synthesized by pressurizing the 2D polymer up to 15 GPa at 600°C and assigned to structures A or DЈ in Refs. 7 and 9. However, a Raman spectrum is available for a phase obtained by pressurizing the 2D polymer at higher pressure ͑21.4 GPa͒ and at room temperature. 12 Irreversible transformation of the 2D polymer into a new phase quenchable at normal conditions has been detected by means of in situ Raman scattering. Although no structural data have been reported, the phase has been tentatively related to a 3D fullerene polymer. 12 The Raman spectrum of this quenched high pressure 3D polymer displays four main peaks at 1842, 1643, 1564, and 1425 cm −1 not assignable to any of the known carbon-based crystals. In particular, the strongest peak at 1842 cm −1 has been tentatively assigned to ethyleniclike bonds. 12 The Raman spectrum might be seen as the superposition of spectra of different structures since different peaks appear at different pressures. As a consequence, we might not expect that a single phase among those investigated here would be able to reproduce all the experimental Raman peaks. Among structures A -DЈ, phase C at the experimental lattice parameters seems to better match the experimental Raman spectrum. The two main experimental peaks at 1842 and 1564 cm −1 are well reproduced. Since the small crystallites of 3D polymer identified in Ref. 7 are embedded in an amorphous matrix, residual compressive stress might still be present upon pressure release, accounting for the discrepancy between the theoretical and experimental lattice parameters ͑cf. Table I͒ . Raman spectrum has been recorded also for possibly another form of 3D polymeric C 60 obtained by compressing pristine fullerite at 13 GPa and 820 K. 3 This latter spectrum shows two very broad bands at 1550 and 600 cm −1 which do not match with any of the theoretical spectra in Fig. 10 .
IV. CONCLUSIONS
Stimulated by a recent experimental work 7 on a 3D nonmetallic polymeric form of C 60 obtained by pressurizing orthorombic 2D polymer, we have investigated the structural, electronic, and vibrational properties of several 3D polymeric structures with the constraint of the Immm symmetry identified experimentally, all displaying the ͑3+3͒ bonds between cages of nearest planes along the ͗111͘ directions of pristine 2D polymer. The structures differ for the type of in-plane ab bonds present besides the ͑3+3͒ interplanar linkage. We have considered ͓2+2͔ and/or ͑4+4͒ in-plane linkages. We have found that the structure with best agreement with experimental lattice parameters is made of C 60 cages with ͑4+4͒ in-plane bonds along the two in-plane directions ͑structure C͒. The structure ͑B͒ with the lowest energy has instead a ͑4+4͒ and a ͓2+2͔ linkages along directions b and a, respectively. The structure ͑DЈ͒ obtained by ab initio optimization of the experimental proposal 7 shows only a ͑4+4͒ linkage along one in-plane direction. This structure is 50 meV/atom higher in energy than structure B. However, by changing the in-plane direction along which the ͑4+4͒ linkage is formed, structure DЈ turns into a phase ͑D͒ only slightly ͑by 6 meV/atom͒ higher in energy than the lowest energy structure B. All the structures but DЈ have an antiferromagnetic ground state due to the presence of unpaired electrons on p z -like orbitals. Magnetic ordering allows for an energy gain in the range 0.5-5 meV/atom with respect to the metallic nonmagnetic solution and produces an absolute magnetization in the range 2.00-4.26 B /cell, depending on the type on in-plane bonding. Magnetic ordering also turns the metallic nonmagnetic phase into a semiconductor with small band gaps of 0.65 and 0.50 eV for B and C, respectively. The energy gain due to antiferromagnetic ordering is marginal ͑0.5 meV/atom͒ for structure D and overall small for all the structures suggesting a Néel temperature far below room temperature. Whether the existence of an insulating antiferromagnetic ground state might be responsible for transport properties different from those envisageable for the metallic nonmagnetic phases, it remains to be seen. However, we recall that disorder in a metallic nonmagnetic phase might give rise to an Anderson insulator, suitable to be responsible for the variable range hopping regime identified experimentally. 7 Theoretical Raman spectra of the different phases display high frequency peaks above 1400 cm −1 due to short bonds between three-coordinated atoms. In particular, structure C at the experimental lattice parameters of Yamanaka et al. 7 shows Raman peaks at ϳ1850 cm −1 due to stretching modes of ethyleniclike bonds, which might be identified with Raman peaks at similar frequencies recorded on a possibly 3D polymer obtained by another group by pressuring a 2D polymer at room temperature.
12 Combined
x-ray and micro-Raman measurements, possibly supplemented by the theoretical results reported here, are still needed for a compelling assignment of the Raman spectra of 3D polymers.
